We study the effect on CPP GMR of changing the order of the layers in a multilayer. Using a tight-binding simple cubic two band model (s-d), magneto-transport properties are calculated in the zero-temperature, zero-bias limit, within the Landauer-Büttiker formalism. We demonstrate that for layers of different thicknesses formed from a single magnetic metal and multilayers formed from two magnetic metals, the GMR ratio and its dependence on disorder is sensitive to the order of the layers. This effect disappears in the limit of large disorder, where the results of the widely-used Boltzmann approach to transport are restored.
Giant magnetoresistance ͑GMR͒ in transition metal magnetic multilayers 1,2 is a spin filtering effect which arises when the magnetizations of adjacent layers switch from an antiparallel ͑AP͒ to a parallel ͑P͒ alignment. The resistance in the anti-aligned state is typically higher than the resistance with parallel alignment, the difference being as large as 100%. This sensitive coupling between magnetism and transport allows the development of magnetic field sensors with sensitivity far beyond that of conventional anisotropic magnetoresistance ͑AMR͒ devices. In the most common experimental setup, the current flows in the plane of the layers ͑CIP͒, and the resistance is measured with conventional multi-probe techniques. Measurements in which the current flows perpendicular to the planes ͑CPP͒ are more delicate because of the small resistances involved. Despite these difficulties the use of superconducting contacts, 3 sophisticated lithographic techniques, 4 and electrodeposition, [5] [6] [7] makes such measurements possible ͑for recent reviews see Refs. 8,9͒ .
A widely adopted theoretical approach to GMR is based on the semiclassical Boltzmann equation within the relaxation time approximation. This model has been developed by Valet and Fert, 10, 11 and has the great advantage that the same formalism describes both CIP and CPP experiments. In the limit that the spin diffusion length l sf is much larger than the layer thicknesses ͑i.e., in the infinite spin diffusion length limit͒, this model reduces to a classical two current resistor network, with additional possibly spin-dependent scattering at the interfaces. 12 Despite the undoubted success of this description recent experiments 13, 14 have drawn attention to the possibility of new features which lie outside the theory. Two important and central predictions of this model are that the CPP GMR ratio is independent of the number of bilayers in the case that the total multilayer length is not constrained to be constant, and furthermore is independent of the order of the magnetic layers in the case of different magnetic species. An apparent violation of the first prediction has been observed in CIP and CPP measurements, 15, 13 and of the second prediction in CPP measurements. 13, 14 However a convincing theoretical explanation is lacking.
The aim of this paper is to provide a quantitative description of the breakdown of the resistor model in diffusive CPP multilayers in the limit of infinite spin-relaxation length. To illustrate this breakdown, consider a multilayer consisting of two independent building blocks, namely a (N/M ) and a and N/M Ј interfaces. Hence the GMR ratio must be the same. In contrast the GMR ratio of type-I multilayers is found experimentally to be larger than that of type-II multilayers, 13, 14 and the difference between the two GMR ratios increases with the number of bilayers. In Ref. 14 this effect is attributed to loss of coherence due to the short spindiffusion length of permalloy. This explanation is not however applicable to the case of Ref. 13 because of the wellknown long spin-diffusion length of Co. Moreover, in such a case the GMR ratio of both type-I and type-II multilayers increases with the number of bilayers, which again lies outside the resistor network model.
In this paper we demonstrate for the first time that a description which incorporates phase-coherent transport over long length scales can account for such experiments. To illustrate this we have simulated type-I and type-II multilayers using a Co/Cu system with different thicknesses for the Co layers, namely t Cu ϭ10 AP, t Co ϭ10 AP, t Co Ј ϭ40 AP.
The technique for computing transport properties is based on a three dimensional simple cubic tight-binding model with nearest neighbor couplings and two degrees of freedom per atomic site. The general spin-dependent Hamiltonian is
where ␣ and ␤ label the two orbitals ͑which for convenience we call s and d), i, j denote the atomic sites, and denotes the spin. ⑀ i ␣ is the on-site energy which can be written as ⑀ i ␣ ϭ⑀ 0 ␣ ϩh␦ ␣d with h the exchange energy and ϭϪ1 (ϭϩ1) for majority ͑minority͒ spins. In Eq. ͑1͒, ␥ i j ␣␤ ϭ␥ i j ␣␤ is the hopping between the orbitals ␣ and ␤ at sites i and j, and c ␣i (c ␣i † ) is the annihilation ͑creation͒ operator for an electron at the atomic site i in an orbital ␣ with a spin . h vanishes in the non-magnetic metal, and ␥ i j ␣␤ is zero if i and j do not correspond to nearest neighbor sites. Hybridization between the s and d orbitals is taken into account by the nonvanishing term ␥ sd . Although the two-band model cannot describe the full details of the Fermi surface of a transition metal, comparison with more accurate tightbinding results 16, 19 shows that it incorporates the main features of the density of states, including inter-band scattering, and thus reproduces qualitatively the transport properties of transition metal multilayers. In particular in Ref. 16 19 We analyze the simplest generic model of disorder, introduced by Anderson within the framework of the localization theory, 17 which consists of adding a random potential V i to each on-site energy, with a uniform distribution of width W (ϪW/2рV i рW/2), centered on Vϭ0
Transport properties are calculated within the LandauerBüttiker theory of transport, 18 in which the spin-conductance ⌫ can be expressed in terms of the spin-dependent total transmission coefficient T as ⌫ ϭe 2 /hT . The technique combines a real space Green function calculation for the leads, with a recursive decimation algorithm for the multilayer. Details of the method can be found in Ref. 19 . In the present calculation we consider disordered cubic supercells containing up to 100 atoms in the plane perpendicular to the current, and as many atomic planes as the total length of the multilayer. Such supercells are repeated periodically in the irreducible two-dimensional ͑2D͒ Brillouin zone using 100 k points. We checked the convergence of our calculation with respect to both disorder and cell size. Conductance per channel did not change by more than a few percent for cells containing more than 20 atoms and, due to the weak disorder considered, larger ensembles were not needed. In Fig. 2 we present the mean GMR ratio for type-I ͑type-II͒ multilayers GMR I (GMR II ) and the difference between the GMR ratios of type-I and type-II multilayers ⌬ GMRϭGMR I -GMR II , as a function of for different values of the on-site random potential. The average has been taken over 10 different random configurations except for very strong disorder where we have considered 60 random configurations. In the figure we display the standard deviation of the mean only for ⌬ GMR because for GMR I and GMR II it is negligible on the scale of the symbols. It is clear that type-I multilayers possess a larger GMR ratio than type-II multilayers, and that both the GMR ratios and their difference increase for large . These features are in agreement with experiments 13, 14 and cannot be explained within the resistor network model of CPP GMR.
The increase of the GMR ratio as a function of the number of bilayers is a consequence of enhancement of the spin asymmetry of the current due to disorder. In fact, even though the Anderson potential is spin-independent it is more effective on the d band than on the s band, because the former possesses a smaller bandwidth. Since the minority spin sub-band is dominated by the d electrons and the majority by the s-electrons, the disorder will suppress the conductance more strongly in the minority band than in the majority. Moreover, since transport is phase coherent, the asymmetry builds up with the length, resulting in a lengthdependent increase of the GMR ratio. Both multilayers possess the same conductance in the P configuration, while the conductance of type-I multilayers in the AP configuration is smaller than that of type II. This behavior arises because the Cu conduction band is well-matched to the majority band of Co but poorly matched to the minority band. Consequently majority spins suffer little reflection at the Co/Cu interface whereas minority spins undergo large inter-band scattering. The different GMR ratios of type-I and type-II multilayers is a consequence of this inter-band scattering, which occurs whenever an electron phase-coherently crosses a region where two magnetic layers have AP magnetizations. This occurs in each (N/M /N/M Ј) cell for type-I multilayers, while only in the central cell for type-II multilayer ͓see Figs. 1͑a͒ and 1͑b͔͒. Hence the contribution to the resistance in the AP alignment due to inter-band scattering is larger in type I than in type-II multilayers.
Eventually when the elastic mean free path is comparable with a single Co/Cu cell one expects the resistor model to become valid. To illustrate this feature, Fig. 2 shows that in the case of very large disorder (Wϭ1.5 eV), ⌬ GMR vanishes within a standard deviation. In this regime the mean free path l mfp of the AP configuration is about 20 AP, while the mean free path of the P configuration is ϳ70 AP ͑see Table I͒ . Hence the resistor model applies only to the the AP configuration, whereas a phase-coherent approach is needed for the P configuration. Nevertheless, as pointed out above, the conductance of the majority spins is only weakly dependent on the order of the layers. Hence, even though the individual GMR ratios of type-I and type-II multilayers are still increasing with the number of bilayers ͑which at large lengths is due to localization of the minority spins͒, their difference vanishes.
As a second example in which the dependence of the GMR ratio on disorder changes when the multilayer geometry is varied, consider the system whose AP alignment is sketched in Figs. 1͑c͒ and 1͑d͒ . In this case M and M Ј are different materials chosen in such a way that the minority ͑majority͒ band of M possesses a good alignment with the majority ͑minority͒ band of M Ј. Moreover the thickness of the N layers has been chosen in order to allow an AP alignment of the magnetizations of adjacent magnetic layers in both type-I and type-II multilayers. In this case both type-I and type-II multilayers exhibit conventional P and AP alignments, but their potential profile is quite different. In Fig. 3 we present a schematic view of the potential profiles for type-I and type-II multilayers for both the spins in the P and AP configuration. A high barrier corresponds to large scattering and a small barrier corresponds to weak scattering. The dashed line represents the effective potential for material M and the continuous line for material M Ј. Figure 3 illustrates that type-I multilayers possess a high transmission spin-channel in the AP alignment, and hence the resulting GMR ratio will be negative. In contrast type-II multilayers do not possess a high transmission channel ͑there are large barriers for all spins in both the P and AP configuration͒ and the sign of the GMR ratio will depend on details of the band structure of M and M Ј. Consider the effects of disorder on these two kinds of multilayers. Using the same heuristic arguments as above we expect that the GMR ratio of type-I multilayers will increase ͑become more negative͒ as disorder increases, in the case of disorder that changes the spin asymmetry of the current. This is a consequence of the fact that, in common with the conventional single-magnetic element, one of the spin sub-bands in the AP alignment is dominated by weak s electrons ͑small barrier͒, which are only weakly affected by disorder. It is clear that this system is entirely equivalent to conventional single-magnetic element multilayers discussed above. In contrast for type-II multilayers there are no spin sub-bands entirely dominated by the weak scattering ͑small barriers͒ s electrons, and all spins in either the P and AP configuration will undergo scattering by the same number of high barriers. In this case the effect of disorder will be to increase all the resistances and this will result in a suppression of GMR. Moreover it is important to note that in the completely diffusive regime, where the resistances of the different materials may be added in series, the GMR ratio 20 The GMR ratio for type-I and type-II multilayers is shown in Fig. 4 , which illustrates the remarkable result that the GMR ratio of type-I multilayers increases with disorder, while for type-II structures it decreases. As explained above this is due to an enhanced asymmetry between the conductances in the P and AP alignment for type I multilayers, and to a global increase of all the resistances for type-II multilayers. As far as we know there are no experimental studies of the consequences of the geometry-dependent effect described above, and further investigation will be of interest, in order to clarify the role of the disorder in magnetic multilayers.
Despite the fact that GMR was discovered more than ten years ago, it continues to present fascinating insights into transport in magnetic heterostructures. In this paper we have addressed a new issue which lies outside the widely adopted resistor network model of CPP GMR, namely that changing the order of magnetic multilayers can significantly alter the magnetoresistance. 13, 14 We have shown that this effect is a consequence of phase coherence on a length scale greater than the layer thicknesses.
